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isolated from patients at 12 and 18 hours. Opsonization ofNeutrophil priming and apoptosis in anti-neutrophil cyto-
apoptotic PMN with ANCA significantly enhanced recognitionplasmic autoantibody-associated vasculitis.
and phagocytosis by scavenger macrophages (anti-MPO 88.95 6Background. Interactions between anti-neutrophil cytoplas-
6.27, anti-PR3 93.98 6 4.90, N IgG 44.89 6 3.44, P , 0.01)mic autoantibody (ANCA) and primed neutrophils (PMNs)
with increased secretion of IL-1 (anti-PR3 34.73 6 6.8 pg/mL,may be central to the pathogenesis of primary small vessel
anti-MPO 42.01 6 12.3 pg/mL, N IgG 8.04 6 6.3 pg/mL, P ,vasculitis. PMNs from patients are primed, expressing protein-
0.05) and IL-8 (anti-PR3 8.97 6 0.93 ng/mL, anti-MPO 8.45 6ase 3 (PR3) on the cell surface, which permits interaction with
1.46 ng/mL, N IgG 0.96 6 0.15 ng/mL, P , 0.01).ANCA. In vitro ANCA activates primed PMN to degranulate
Conclusion. In vivo circulating PMNs are primed as assessedand generate a respiratory burst. Resultant reactive oxygen
by PR3 expression and basal superoxide production, therebyspecies are important in triggering apoptosis, but the fate of
enhancing their inflammatory potential. These PMNs undergoPMN in ANCA-associated vasculitis is unknown. Failure to
apoptosis more readily, at which times they express PR3 andremove apoptotic PMN in a nonphlogistic manner may sustain
the inflammatory response. MPO on their surface. These antigens may then provide targets
Methods. PMNs from patients or controls were isolated, and for ANCA. Opsonization of apoptotic PMN will enhance clear-
the basal production of superoxide was measured by the super- ance by macrophages but will also trigger the release of pro-
oxide dismutase-inhibitable reduction of ferricytochrome C. inflammatory cytokines that may contribute to chronic in-
ANCA antigen expression on apoptotic PMN was assessed at flammation.
0, 12, and 18 hours by flow cytometry using dual staining with
FITC-conjugated annexin V and PE-conjugated anti-murine
IgG against monoclonal ANCA. Apoptosis was also assessed
Anti-neutrophil cytoplasmic autoantibody (ANCA)-by morphology. In further studies, apoptotic PMNs were opso-
associated vasculitis includes Wegener’s granulomatosisnized with monoclonal anti-myeloperoxidase (MPO) or anti-
proteinase-3 (PR3) or irrelevant isotype-matched IgG (N IgG) (WG) and microscopic polyangiitis (MPA). ANCAs are
and phagocytosis by macrophages was measured using interac- implicated in disease pathogenesis and are directed against
tion assays. Cytokines interleukin-8 (IL-8) and interleukin-1 were
proteinase 3 (PR3-ANCA) and myeloperoxidase (MPO-measured by enzyme-linked immunosorbent assay (ELISA).
ANCA). These enzymes are present within primary azur-Results. Proteinase-3 expression (active 63.04 6 5.6% of
total number of cells, remission 51.47 6 7.9% of total number ophil granules of neutrophils (PMN) and lysosymes of
of cells, control 17.7 6 4.7% of total number of cells, P , 0.05) monocytes [1]. On cytokine priming of cells in vitro,
and basal superoxide production (active 6.9 6 0.8 nmol/L 3 these granules translocate from the cytoplasm to the cell
106 cells, remission 5.15 6 0.4 nmol/L/106 cells, control 3.63 6
surface, allowing ANCA to interact with their antigens0.3 nmol/L/106 cells, P , 0.001) were significantly greater with
and activate PMN [2, 3]. Circulating PMNs from patientsfreshly isolated PMN from patients than controls. PR3 expres-
sion and superoxide generation were positively correlated. with active WG and MPA have been shown to express
PMN from patients with active disease became apoptotic at a PR3, although not MPO, on their surface [2, 4, 5]. Such
greater rate than those of controls (at 18 hours, patients 72.3 6 expression of PR3 has been linked to disease activity3.9% apoptosis, controls 53.2 6 2.7% apoptosis, P , 0.05).
[2, 5]. PMNs isolated from patients with active diseasePR3 and MPO expression were significantly greater on PMN
have also been shown to produce more basal superoxide
in vitro [6], supporting the likelihood that they are
1 See Editorial by Preston and Falk, p. 1981. primed in vivo.
Reactive oxygen species are generated following neu-Key words: anti-neutrophil cytoplasmic antibodies, superoxide, apo-
ptosis, inflammatory response, small vessel vasculitis. trophil activation by ANCA [7, 8] and are important in
triggering apoptosis [9–12]. In many systems, neutrophilsReceived for publication December 21, 1999
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the plasma membrane of apoptotic PMN remains intact, for infection. Patients with active disease had raised in-
thus preventing the release of histiotoxic contents from flammatory markers, but infection was actively excluded
these cells [18, 19], which could promote tissue damage. in all patients prior to diagnosis of vasculitis. A doctor
However, the plasma membrane is not inert and under- reviewed all patients whose ANCA-associated vasculitis
goes constitutive changes with expression of surface mem- was in remission to exclude infection, and all had in-
brane receptors that allow recognition by scavenging flammatory markers within the normal range.
phagocytes [20–24]. Safe phagocytic clearance of the in-
PMN and monocyte isolation and culturetact apoptotic cell prevents the release of toxic leukocyte
contents. Such clearance induces the release of immuno- Human PMNs were isolated as previously reported
suppressive cytokines from macrophages, such as trans- using discontinuous Percoll gradients [29]. We used iso-
forming growth factor-b (TGF-b), while phagocytosis of lated neutrophils rather than whole blood, as whole
other particles, including opsonized cells, results in the blood contains monocytes that also produce superoxide,
release of pro-inflammatory mediators such as leuko- and we would not be able to correlate the production
trienes and interleukin-1 (IL-1) [25, 26]. Failure to remove of superoxide from these experiments with neutrophil
apoptotic cells in a nonphlogistic manner has been impli- expression of PR3.
cated in the persistence of chronic inflammatory states Human monocytes were prepared by retrieving cells
[15]. There are few data regarding removal of PMN from at the 81 and 70% Percoll interfaces. These were then
sites of inflammation in ANCA-associated vasculitis. washed with phosphate-buffered saline (PBS) and resus-
Proteinase 3 and MPO are expressed on the cell sur- pended to 5 3 106 cells/mL. One milliliter was added to
face of PMN undergoing apoptosis, thereby allowing each well of a 24-well plate and incubated for one hour
binding of ANCA to the cell surface [27]. This suggests in serum-free Iscove’s Dulbecco’s modified Eagle’s me-
a novel mechanism for priming-independent activation dium (DMEM; Sigma-Aldrich Company, Dorset, UK).
of PMN by ANCA. However, the ability of ANCA to Cells were washed with ice-cold saline to remove nonad-
activate apoptotic PMN is unknown, and in other sys- herent cells and were cultured for four days in Iscove’s
tems, PMNs have been shown to lose their functional DMEM with added 1% penicillin and streptomycin
abilities as they become apoptotic [28]. Alternatively, (Sigma) and 10% autologous serum in order to mature
interaction of ANCA with PR3 or MPO on the PMN into macrophages (.90% pure). This yielded 1.5 to 2.0
surface may result in increased uptake by macrophages, million macrophages per well at the time of the assay.
with ANCA acting as an opsonin.
In this study, we demonstrate that PMN isolated from PMN incubation
patients with both active and quiescent WG and MPA
Isolated PMNs were incubated in Iscove’s DMEMhave increased generation of basal superoxide that corre-
with added antibiotics (1% streptomycin and penicillin)lates with the expression of PR3 on the cell surface. With
and were supplemented with 10% autologous platelet-this increased basal superoxide generation, there is an
poor, plasma-derived serum in a humidified atmosphereaccelerated rate of apoptosis and increased MPO and
with 4% added CO2. PMNs were cultured in Teflon wellsPR3 surface expression. Opsonization of apoptotic PMN
at a concentration of 2 3 106 cells/mL. Polymyxin (10with ANCA results in enhanced phagocytosis by human
mg/mL; Sigma) was added to each well to counteract themonocyte-derived macrophages and secretion of pro-
possible contamination of reagents with endotoxin. Cellsinflammatory cytokines IL-1 and IL-8. Apoptotic PMNs
were cultured for up to 24 hours and sampled at variousare not activated by ANCA. Our findings suggest a novel
time points. Cell viability was assessed by trypan bluemechanism for the persistence of inflammation in ANCA-
staining, and positive staining was always less than 5%.associated systemic vasculitis, where removal of effete
Propidium iodide staining was performed on two pa-cells opsonized with ANCA in part may explain the
tients and one control and was found to be similar topaucity of immune complex deposition in these diseases.
trypan blue staining (results not shown).
METHODS Antibodies
Patients Monoclonal murine anti-human MPO (Sigma) and
monoclonal murine anti-human PR3 (4A3; a gift fromWe studied 25 patients with WG and MPA as defined
Dr. J. Wieslander, Lund, Sweden) and an isotype-matchedby the American College of Rheumatology (ACR) crite-
monoclonal murine IgG (Binding Site, Birmingham,ria: 8 were untreated and 17 were in remission and on
UK) were used in FACS analysis and opsonization stud-maintenance therapy comprising azathioprine and pre-
ies. Human polyclonal ANCA and normal IgG werednisolone. Eight patients with sepsis causing multiorgan
isolated from patients who fulfilled the ACR guidelinesfailure and 17 healthy individuals were studied as con-
trols. None of the patients with vasculitis had evidence for WG or MPA and normal healthy donors by a protein
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G column as previously described [30] for use in experi-
ments to assess activation of apoptotic PMN by ANCA.
Superoxide release measured by the reduction of
ferricytochrome C
Superoxide anion production was determined by the
superoxide dismutase (SOD)-inhibitable reduction of
ferricytochrome C as previously described [30]. PMNs
were suspended at 2 3 106 cells/mL and were added to
a reaction mixture containing cytochrome C (75 mmol/L; Fig. 1. Fluorescence microscopy of aging primed neutrophils (PMN),
Sigma) with or without SOD (150 U; Sigma). Neutrophils which were stained with a mixture of ethidium bromide and acridine
orange. Magnification 3100. Freshly isolated cells (A) appear largewere not deliberately primed and were used immediately
with multilobed nuclei, staining orange. Early apoptotic morphology is
after isolation. The difference in reduction of ferricyto- observed as yellow staining of shrunken nuclei (B), whereas late apo-
ptotic morphology was seen as cellular ghosts staining dark green withchrome C in the presence and absence of SOD, as deter-
absence of nuclear material (C).mined spectrophotometrically at 550 nmol/L, was mea-
sured and calculated using the molar extinction coefficient
of 21.1 3 1023 mol/L for ferricytochrome C and a light
Following labeling, PMNs were enumerated in a flowpath of 0.6 cm for a final volume of 250 mL. Experiments
cytometer (Beckton Dickinson FACS 440) equipped withwere carried out in quadruplicate.
an argon laser, wavelength 488 nm. Appropriate settings
of forward and side scatter were used to examine PMNs.Flow cytometric analysis for MPO and PR3
Cell debris was excluded from analysis by appropriately
To assess ANCA antigen expression on the cell sur- raising the forward scatter threshold. More than 10,000
face, PMNs were suspended at 5 3 105 cells/mL and kept cells were examined at each experiment.
on ice throughout the experiment. PMNs were incubated
Assessment of apoptosis by morphologyfor 45 minutes at 48C with saturating doses of murine
monoclonal anti-human MPO (10 mg/mL), murine mono- Cells were sampled at the appropriate times, and the
fluorescence staining protocol was used as described pre-clonal anti-human PR3 (dilution 1:50), or control isotype-
viously with modifications [31]. Briefly, the collected cellsmatched irrelevant IgG in a solution containing PBS
were washed in PBS and resuspended at a density ofwith 10% normal human serum and 0.1% azide. PMNs
1 3 106 cells/0.5 mL. To this, 20 mL of a 1:1 mixturewere then washed three times with PBS containing 1%
of ethidium bromide (100 mg/mL; Sigma) and acridinebovine serum albumin (BSA) and centrifuged at 1200
orange (100 mg/mL; Sigma) were added. The cell suspen-r.p.m. for five minutes at 48C and fixed with 1% para-
sion was incubated in the dark at room temperature forformaldehyde. Prior to FACS analysis, trypan blue stain-
five minutes. The stained cells were then centrifuged at
ing was performed to ensure that cell membranes were
1200 r.p.m. for five minutes and resuspended in 20 mL
intact and positive staining was always less than 5%. of 10% glycerol. The cell suspension was mounted onto
PMNs were incubated with saturating doses of PE-conju- a slide and viewed with a fluorescence microscope imme-
gated F(ab)2 fragments of goat anti-mouse IgG (dilution diately after mounting. At least 500 cells per slide were
1:20; Binding Site) for 45 minutes and then washed. counted. Normal cell morphology was defined as normal
cells appearing large with multilobed lime green/yellow-
Flow cytometric analysis of immunofluorescent stained stained nuclei with cytoplasm speckled orange. In viable
cells for antigen expression and apoptosis cells at 0 time, the speckles of orange seen in the cyto-
plasm are not visible on photography because of theDual staining of PMN was used to assess ANCA anti-
intense fluorescence from the nucleus. The nuclei ongen expression and apoptosis. Isolated PMNs were incu-
freshly isolated neutrophils stained lime green/yellow asbated with murine monoclonal anti-human PR3 or MPO
viewed by microscopy; however, the predominant coloras described previously in this article, followed by PE-
on photography was yellow. Apoptotic morphology wasconjugated F(ab)2 fragments of goat anti-mouse IgG, and observed as yellow fluorescence staining of shrunken
then saturating amounts of FITC-annexin V conjugate nuclei. Cellular ghosts that stain dark green represent
[diluted 1:3000 in Hank’s balanced salt solution (HBSS) late apoptotic neutrophils (Fig. 1).
with calcium and magnesium; Sigma] for 10 minutes on
Apoptotic neutrophil opsonizationice. One hundred microliters of the PMN mix were added
to 400 mL of buffer solution. PMNs were analyzed by After 18 hours of culture, apoptotic cells (concentra-
tion 5 3 106 cells/mL) were opsonized with murine mono-FACS within 30 minutes of labeling.
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clonal anti-human PR3 (4A5) or murine monoclonal
anti-human MPO. An isotype-matched irrelevant mu-
rine IgG that gave less than 5% binding was used as
a control (1 mg/mL). Opsonization was performed by
incubating apoptotic cells for 45 minutes at 378C with
1:50 dilution of 4A5 or 10 mg/mL murine anti-human
MPO in Iscove’s DMEM with 10% normal human serum
to prevent nonspecific binding. Apoptotic cells were
washed, and interaction experiments with macrophages
were performed.
Macrophage interaction assay
A microscopically quantitated phagocytic assay of
macrophage ingestion of apoptotic neutrophils was used
as previously described [13, 22, 23, 32]. Briefly, PMNs
aged for 18 hours were washed once in HBSS and either
Fig. 2. Superoxide generation was measured in unprimed unstimulatedused directly as a control or opsonized and suspended freshly isolated neutrophils. Neutrophils from patients with disease
in Iscove’s DMEM without serum (concentration 5 3 either active (N 5 8) or quiescent (N 5 17) and from patients with sepsis
(N 5 8) produced significantly more superoxide than those neutrophils106 cells/mL). Five 3 106 cells were added to each well
isolated from healthy donors (N 5 17). *P , 0.01.of human monocyte-derived macrophages in a 24-well
plate. Plates were incubated at 378C for 30 minutes in
4% CO2. The plates were washed with ice-cold saline to RESULTS
remove noningested PMN; 50% of wells were fixed in
Superoxide generation2% glutaraldehyde in saline for two minutes and stained
Superoxide generation was measured in directly iso-for MPO. Using 340 phase-contrast light microscopy,
lated unstimulated freshly isolated PMN. Great care wasthe portion of macrophages ingesting PMN was counted.
taken in retrieval times and handling of neutrophils toExperiments were performed in triplicate, and 100 mac-
ensure that experiments were comparable. PMNs fromrophages were counted per well. Phagocytic index was
patients with either active or quiescent disease and fromcalculated as the percentage of phagocytosing macro-
patients with sepsis produced significantly more superox-phages multiplied by the average number of neutrophils
ide than those neutrophils isolated from healthy donorsingested per macrophage. The macrophages themselves
(Fig. 2). Patients with acute disease produced signifi-were routinely negative for peroxidase staining.
cantly more superoxide than patients with quiescent dis-Macrophages in the other wells underwent a further
ease (acute 9.58 6 0.54 nmol/L/106 cells, quiescent 7.2 616 hours of incubation. Supernatants were removed and
0.42 nmol/L/106 cells, P , 0.01).stored at 2808C until use.
Expression of PR3 and MPO on the surface of freshlyEnzyme-linked immunosorbent assay for
isolated PMNIL-1 secretion
Using freshly isolated PMNs, significantly more cellsSupernatants were isolated by centrifugation at
expressed PR3 on the PMN surface when obtained from11,000 3 g for two minutes and assayed in triplicate for
patients with either active or quiescent systemic vasculitisIL-1 after 16 hours in culture as previously described [29].
or septic patients than from healthy donors (Fig. 3).
Enzyme-linked immunosorbent assay for Patients with active disease had significantly more PR3
IL-8 secretion on the neutrophil surface than those with quiescent dis-
ease (acute 66.32 6 5.69%, quiescent 45.47 6 3.69%,As previously described, supernatants were isolated and
P , 0.05). There was no significant difference in theassayed in triplicate for IL-8 after 16 hours in culture [33].
surface expression of MPO on freshly isolated PMN be-
Statistical analysis tween those with systemic vasculitis either active (15.28 6
2.9%) or quiescent (13.21 6 1.7%), sepsis (11.71 6Data are presented as the mean and standard error
1.8%), or normal healthy donors (12.37 6 3.1%). Theof the mean. Statistical significance was determined using
expression of MPO on the cell surface was significantlyanalysis of variance for multiple comparisons and the
less than the expression of PR3 (MPO 12.9 6 1.05%,Bonferroni test for pairs used to compare groups. The
PR3 41.34 6 3.12%, P , 0.0001). These data confirmcorrelation between the spontaneous generation of su-
earlier findings [5].peroxide and PR3 expression was calculated by linear
regression. Proteinase 3 and superoxide production were strongly
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including active or quiescent disease, sepsis or from
healthy donors. At 12 and 18 hours, significantly more
PMNs stained positive for FITC and PE, suggesting that
a greater percentage of apoptotic PMNs that expressed
PR3 on the cell surface was present in patients with sys-
temic vasculitis or sepsis compared with healthy donors.
There was also an increase in the percentage of cells
expressing MPO on the cell surface at 12 and 18 hours.
MPO expression was greater on PMNs from patients
with vasculitis (either active or quiescent disease) and
sepsis than those of normal healthy donors (Fig. 7).
Apoptotic cells are not activated by ANCA despite
presentation of ANCA antigens on the cell surface
Translocation of PMN granule constituents to the cell
surface membrane occurs as PMNs become apoptotic [27].
Fig. 3. Proteinase-3 (PR3) expression on the surface of unprimed un- To assess the ability of apoptotic PMNs to be activatedstimulated freshly isolated neutrophils by FACS analysis. Neutrophils
by ANCA, we primed PMN after varying hours in culturefrom patients with disease either active (N 5 8) or quiescent (N 5 17)
and from patients with sepsis (N 5 8) had a greater percentage of with tumor necrosis factor-a (TNF-a; 2 ng/mL) and cyto-
neutrophils expressing PR3 than those neutrophils isolated from healthy chalasin B (2.5 mg/mL), as previously described [30].donors (N 5 17).
PMNs were then stimulated with PMA, N-formyl-meth-
ionyl-leucyl-phenaline (fmlp), human polyclonal normal
IgG, or ANCA. As previously reported, there was acorrelated (r 2 5 0.424, P , 0.001; Fig. 4), suggesting
that intravascular priming of PMN with increased PR3 reduction in activation of neutrophils with time when
stimulated by fmlp [28]. ANCA activation of PMN alsoexpression and increased superoxide production may re-
sult in a greater pathogenic potential in vivo. reduced with time, suggesting failure of signal transduc-
tion. We performed initial experiments using apoptoticThe generation of free oxygen radicals is important
in triggering PMN apoptosis [34]. We therefore assessed cells that were not primed with TNF or cytochalasin B
and found similar results, with the ability of ANCA towhether PMN from patients with systemic vasculitis or
sepsis had an accelerated rate of apoptosis and whether stimulate superoxide production reducing with time (re-
sults not shown). Therefore, ANCA binding antigen onthere were differences in the surface expression of MPO
and PR3 on these apoptotic cells. apoptotic PMN does not appear to be a valid mechanism
for activation. The generation of superoxide by PMA
Rates of apoptosis and cell surface expression of was maintained for longer, as PMA does not depend
MPO and PR3 on an extracellular receptor to trigger generation of a
respiratory burst (Fig. 8).Primed neutrophils were cultured for up to 24 hours
and were sampled in a time-lapse manner. PMNs from
Opsonization of apoptotic cells by ANCApatients with active systemic vasculitis and sepsis showed
accelerated apoptosis at 18 hours compared with PMN To investigate whether ANCA binding could influence
the recognition of apoptotic cells by scavenger phago-from patients with quiescent vasculitis and normal healthy
donors (Fig. 5). This may reflect the greater generation cytes, we derived macrophages from peripheral mono-
cytes of healthy donors and investigated their ability toof superoxide from patients with active disease and sep-
sis, as generation of reactive oxygen species has been engulf apoptotic cells after 30 minutes of incubation.
PMNs from healthy donors were cultured for 18 hoursshown to accelerate PMN apoptosis [10, 35]; however,
these results should be interpreted with care because, and then opsonized with ANCA, either murine mono-
clonal anti-human MPO or anti-PR3 (apoptotic cell pop-although significant, the effects were modest. As pre-
viously described, we took great care to reduce any dif- ulation .65%). Apoptotic cells opsonized with PR3-
ANCA or MPO-ANCA were engulfed at a much higherferences in time to neutrophil isolation, and following
isolation at time 0, there was always less than 2% apopto- efficiency by human monocyte-derived macrophages
than control apoptotic cells (Fig. 9). Incubation withsis from each group of patients or controls. At 18 hours,
less than 5% of PMN were necrotic, as assessed by exclu- isotype-matched IgG did not affect the uptake of apo-
ptotic neutrophils compared with apoptotic PMN alone.sion of trypan blue.
Figure 6 shows FACS plots of dual-stained PMN with In preliminary studies, we obtained similar findings of
increased uptake by apoptotic neutrophils opsonizedFITC-conjugated annexin V and PE-conjugated anti-
IgG to anti-PR3 from patients with systemic vasculitis, with human ANCA (results not shown).
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Fig. 4. Correlation between the spontaneous
generation of superoxide and PR3 expression
as calculated by linear regression. This shows
a strongly positive correlation with r 2 5 0.424,
P , 0.001.
Fig. 5. Neutrophil apoptosis assessed by morphology at (A) 12 and (B) 18 hours. Neutrophils from patients with active systemic vasculitis (N 5
8) and sepsis (N 5 8) although not quiescent vasculitis (N 5 17) showed accelerated apoptosis at 18 hours, although not 12 hours compared with
normal healthy donors (N 5 17). *P , 0.05.
Secretion of pro-inflammatory cytokines Supernatants from macrophages interacted with opso-
nized or control apoptotic cells were analyzed for cyto-Phagocytosis of apoptotic cells occurs in a nonin-
kines. There were significantly greater amounts of IL-1flammatory manner with secretion of TGF-b, prostaglan-
and IL-8 produced following phagocytosis of ANCA-din E2, and platelet activating factor (PAF) [25, 26].
opsonized apoptotic PMN than nonopsonized apoptoticThere is also associated inhibition of IL-1 secretion [25].
PMN (Fig. 10). In vivo, opsonization of apoptotic neutro-To investigate the effects of ANCA-opsonized apoptotic
phils by circulating ANCA may result in phagocytosisPMN on the secretion of cytokines, human monocyte-
by macrophages in a pro-inflammatory manner and per-derived macrophages were interacted with apoptotic sistence of inflammation.
PMN or ANCA-opsonized apoptotic PMN. Preliminary
experiments were performed to determine the ratio of
DISCUSSIONopsonized cells to macrophages that would achieve
equivalent phagocytosis as that seen with nonopsonized In this study, freshly isolated PMNs from patients with
ANCA-associated vasculitis were primed, as shown bycells (data not shown).
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Fig. 6. Fluorescence-activated cell sorter
(FACS) plots of dual-stained neutrophils with
fluorescein isothiocyanate (FITC)-conjugated
annexin V and PE-conjugated anti-IgG to
PR3 are from an individual patient from each
group, representative of results from patients
with systemic vasculitis (N 5 25) or sepsis
(N 5 8) or from healthy donors (N 5 17).
The data presented in the right hand corner
of each FACS plot are the mean and SEM
for each group of patients. At 12 hours (A),
there were significantly more neutrophils
staining positive for FITC and PE, suggesting
a greater percentage of apoptotic neutrophils
that expressed PR3 on the cell surface from
patients with systemic vasculitis or sepsis com-
pared with healthy donors. This was also true
at 18 hours (B). *P , 0.05.
Fig. 7. FACS plots of dual stained neutro-
phils with FITC-conjugated annexin V and
PE conjugated anti-IgG to myeloperoxidase
(MPO) are from an individual patient from
each group, representative of results from pa-
tients with systemic vasculitis (N 5 25) or
sepsis (N 5 8) or from healthy donors (N 5
17). The data presented in the right hand cor-
ner of each FACS plot are the mean and SEM
for each group of patients. At 12 hours (A),
there was significantly more neutrophils stain-
ing positive for FITC and PE, suggesting a
greater percentage of apoptotic neutrophils
that expressed MPO on the cell surface from
patients with systemic vasculitis or sepsis com-
pared with healthy donors. This was also true
at 18 hours (B). *P , 0.05.
enhanced expression of surface PR3 and increased basal Proteinase 3 expression on the surface of PMN iso-
lated from patients with systemic vasculitis is well docu-superoxide generation. This primed state is associated
with an increased rate of apoptosis and greater MPO mented [2, 4, 5]. This is the first study, to our knowledge,
to show an association of surface expression of PR3and PR3 expression on the surface membrane of apoptotic
PMN allowing interaction with ANCA. Although inter- and the spontaneous production of superoxide anions
by PMN. This confirms previous studies suggesting thataction with ANCA did not result in activation, there was
recognition of MPO and PR3 by ANCA and increased patient PMN are primed in vivo [36]. Patients with sepsis
also had enhanced production of superoxide and PR3phagocytosis by macrophages with concurrent secretion
of the pro-inflammatory cytokines IL-1 and IL-8. This expression. This is in contrast to the study by Witko-
Sarsat et al, who were unable to show increased expres-has important implications for the persistence of in-
flammation in vivo. sion of PR3 on the surface membrane of PMN from
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Fig. 8. Neutrophils from healthy donors were
incubated for various times up to 24 hours.
Neutrophils were sampled, washed, and resus-
pended at a concentration 2 3 106/mL then
primed with cytochalasin B, 2.5 mg/mL for
5 minutes and TNF-a, 2 ng/mL for 15 min-
utes. Neutrophils were stimulated with PMA
(200 ng/mL; ), fmlp (100 mmol/L; ),
normal IgG (100 mg/mL; ), and ANCA
(100 mg/mL; h). (N 5 3).
ization due to the generation of reactive oxygen species.
With the delayed phosphatidylserine externalization, mac-
rophages failed to recognize apoptotic neutrophils; in vivo,
this may result in disintegration of the apoptotic cells,
release of toxic lysosymes, and endothelial cell injury.
The present study demonstrates increased spontane-
ous generation of superoxide by directly isolated PMNs
from patients with ANCA-associated vasculitis, which is
associated with an increase in the apoptotic rate of
PMNs. Associated with this was an increase in both MPO
and PR3 expression allowing interaction with ANCA.
Gilligan et al suggested in their study that MPO and PR3
were expressed on the surface of apoptotic PMN and that
ANCA was able to interact with these antigens [27]. We
have confirmed this finding and extended their observa-
Fig. 9. Apoptotic neutrophils (concentration 5 3 106/mL were opso- tions by investigating the pathogenic potential of ANCA.
nized with murine monoclonal anti-MPO (10 mg/mL) or anti-PR3 (1:50 Although Gilligan et al suggested that expression of anti-dilution) and an isotype-matched irrelevant IgG, which bound ,5% to
gen on the surface of the apoptotic PMN may provideapoptotic cells (1 mg/mL) and nonopsonized apoptotic cells were used
as controls. Macrophage phagocytosis of ANCA opsonized apoptotic an alternative mechanism for PMN activation without
cells was significantly increased compared with controls (N 5 8, the requirement for priming, this is unlikely as we show*P , 0.01).
a reduction in the generation of ANCA-stimulated su-
peroxide release over time, as PMNs became increas-
patients with cystic fibrosis [4]. This probably reflects ingly apoptotic. Whyte et al also showed a reduced ability
severity of sepsis; our disease control patients with sepsis of apoptotic neutrophils to respond to fmlp receptor-
were seriously ill with multiorgan failure requiring hemo- dependent stimulation, with loss of a respiratory burst,
filtration and ventilation. degranulation, chemotaxis, and ability to shape change
Anti-neutrophil cytoplasmic autoantibody activation [28]. Our study showed increased binding of ANCA to
of primed PMN, with surface expression of PR3 and MPO and PR3 on the surface of apoptotic PMN com-
MPO, triggers a respiratory burst [7, 37]. Reactive oxy- pared with freshly isolated PMN, but a similar reduction
gen species, including superoxide, and its metabolite hy- in the generation of the respiratory burst, suggesting
drogen peroxide have been shown to be important in failure of signal transduction.
causing endothelial cell damage, an early pathological In these studies, opsonization of apoptotic neutrophils
feature of ANCA-associated vasculitis [38–40]. In a sepa- by ANCA resulted in increased phagocytosis by macro-
rate study, we have identified a further important pro- phages causing production of pro-inflammatory cyto-
inflammatory role for reactive oxygen species generated kines IL-1 and IL-8. Phagocytosis of apoptotic cells by
by ANCA-activated PMN in vasculitis [12]. Thus, TNF- scavenging phagocytes usually occurs in an immunosup-
a–primed PMNs activated by ANCA showed acceler- pressive manner with release of TGF-b and down-regula-
tion of IL-1 and IL-8 [25, 26]. However, opsonization ofated apoptosis with delayed phosphatidylserine external-
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Fig. 10. Secretion of interleukin (IL)-1 (A) and IL-8 (B) from macrophages that have phagocytosed apoptotic neutrophils opsonized with PR3-
ANCA, MPO-ANCA or irrelevant IgG or apoptotic cells alone (N 5 8, *P , 0.01).
apoptotic cells with IgG may result in phagocytosis via Opsonization of these apoptotic bodies enhances phago-
Fcg receptors and stimulation of pro-inflammatory cyto- cytosis by macrophages and secretion of pro-inflamma-
kines [41], thereby promoting inflammation. Interest- tory cytokines, which will have important consequences
ingly, in ANCA-associated vasculitis in situ hybridization for the persistence of inflammation in vivo.
and immunohistochemical studies have demonstrated
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significant numbers of macrophages that contain PMN
Abbreviations used in this article are: ANCA, antineutrophil cyto-
or PMN remnants [45]. While opsonization of apoptotic plasmic autoantibody; DMEM, Dulbecco’s modified Eagle’s medium;
PMN by ANCA, which are then rapidly phagocytosed, FITC, fluorescein isothiocyanate; fmlp, N-formyl-methionyl-leucyl-
phenyalanine; HBSS, Hank’s balanced salt solution; IL, interleukin;may explain the histologic observations, these processes
MPA, microscopic polyangiitis; MPO, myeloperoxidase; PMN, primedmay facilitate antigen presentation as well. Further stud- neutrophils; PMA, phorbol-12-myristate 13-acetate; PR3, proteinase-
ies are in progress to assess the importance of ANCA- 3; SOD, superoxide dismutase; TGF-b, transforming growth factor-b;
TNF, tumor necrosis factor; WG, Wegener’s granulomatosis.opsonized apoptotic PMN in generating an autoimmune
response. Certainly, abnormalities in clearance of apo-
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